Abstract The topography of the inner core is crucial to understand its growth process and interaction with the geodynamo. With the accuracy of teleseismic waveform doublets in determining the travel-time shifts between PKPcd and PKPdf inner-core phases, we examined the temporal change of the inner-core boundary sampled by new earthquake doublets that occurred in the Western Pacific and those previously found from the South Sandwich Islands. The receiver stations are those within the distance range of 128°-142°from the hypocenters of the waveform doublets. Our results suggest that temporal changes in PKPcd-PKPdf differential times are very subtle except some isolated regions under central America and Africa. The observations may indicate localized topography of the inner core and/or the inner-core boundary as transient slurry in isolated regions.
Introduction
The Earth's inner core was gradually generated from the solidification of the liquid outer core (Jacobs 1953) . The latent heat and light elements released at the inner-core boundary (ICB) during the solidification process provided the source of the outer core convection and affected the generation of the geodynamo (Glatzmaier and Roberts 1995) . The growth of the inner core is geologically slow (Fearn et al. 1981; Loper and Roberts 1981; Stevenson et al. 1983; Yoshida et al. 1996) and geographically uniform because of the presumed extremely small variation in temperature in the outer core (Stevenson 1987) . However, seismological studies have suggested structural and topographic complexities of the ICB. The existence of strong scattering from the inner core (Vidale et al. 2000; Koper et al. 2004 ) suggests heterogeneity at a scale length of tens of kilometers, which may be partly responsible for the attenuation of the waveforms passing through the inner core (Cormier et al. 1998) . The variability of pre-critical PKPcd (or PKiKP) amplitudes has been used to infer the mosaic structure of the ICB (Krasnoshchekov et al. 2005) , which includes patches of a thin partially liquid layer and patches of a sharp transition. The temporal changes of inner-core scattering waves were used to confirm (Vidale and Earle 2005) inner-core rotation (Song and Richards 1996) . The bottom of the outer core has anomalous velocity gradients (Souriau and Poupinet 1991; Song and Helmberger 1995) and the topmost inner core shows hemispherical variation in seismic velocity (Niu and Wen 2001; Irving and Deuss 2011) or a transitional ICB (Jiang and Zhao 2012) . In addition, evidence for significant topography of the ICB has been reported (Wen 2006; Cao et al. 2007; Dai and Song 2008; Dai et al. 2012) . Imaging the structure of the inner-core boundary is important to understand the growth of the inner core and its interaction with the geodynamo of the fluid outer core.
The accurate determination of the topography of an Earth's internal boundary is difficult because of the possible trade-off with the velocity of the media above it. Here we use waveform-doublet method to map the ICB topography. A waveform doublet is a pair of earthquakes occurring at essentially the same spatial position and received by the same station with high similarity in their waveforms (Poupinet et al. 1984) , which make the exact detection of the ICB topography possible. This method has been used before in the detection of the inner-core rotation (Song and Richards 1996; Zhang et al. 2005) , the topography of the ICB (Wen 2006; Cao et al. 2007; Song and Dai 2008) as well as the heterogeneity and motion of the Earth's liquid outer core . Waveform doublets can provide strong constraint on temporal changes by avoiding artifacts of event mislocation and contamination from mantle heterogeneities. In this study, we used this method to detect temporal change of the ICB using doublets from the Western Pacific (WP) area to increase global coverage of the ICB. Compared with previous study using doublets from South Sandwich Islands (SSI) , the new samples showed negligible temporal change of the ICB.
Data and methods

Doublet search
Our data were obtained from the IRIS DMC. We used vertical component of broadband stations, commonly sampled at 20 Hz. We removed the original station response from the broadband waveform and convolved with the WWSSN (World-Wide Standardized Seismograph Network) short-period response. To enhance the SNR (signal-to-noise ratio), a causal second-order Butterworth band-pass filter from 0.6 to 3.0 Hz was applied to all the waveforms.
We first searched possible doublets for all the earthquakes that occurred in the WP area and recorded at station CHTO (Chiang Mai, Thailand) of the Global Seismic Network. The station was selected because of its generally high-quality data and the long operation history (it has operated as a broadband digital station since October, 1992). We used earthquakes from the catalog of the Preliminary Determination of Earthquakes (PDEs) of the U.S. Geological Survey. All the events that occurred from 1990s to December, 2013 with magnitudes of 5.3 and above were examined.
We used the cross-correlation (CC) method in determining the similarity of waveforms of each event pair. The waveform time window for the CC calculation is 5 s before and 35 s after predicted P-wave arrival time for the Preliminary Reference Earth Model (PREM) (Dziewonski and Anderson 1981) . To improve the efficiency of the The original occurrence time and location information of the events are from the PDE catalog searching, the CC calculation was performed only for events pairs whose distance is less than 0.5°using the PDE locations. Finally, we obtained 21 excellent doublets from 35 events (Table 1) with CC coefficients larger than 0.96 in the P-wave window ( Table 2 ). The magnitude of the events ranges from 5.3 to 5.8. And the time separation between two events of a doublet spans from 0.12 to 20.02 years. We used other mantle phases including S, PP, PcP, ScP ( Fig. 1 ) to check the robustness of these doublet pairs (see below).
Relative time shift (ddt) measurements
To detect the topography of the ICB, waveforms comprising the inner-core refracted phase PKIKP (or PKPdf) and inner-core reflected phase PKiKP (or PKPcd) ( Fig. 1 ) are used. Since the ray paths of this phase pair are close in shallow, seismic heterogeneities in the mantle would affect the PKIKP and PKiKP phases in a similar way. The differential travel times of the PKiKP-PKIKP thus are most sensitive to seismic structure and topography at the ICB. We checked all the available stations globally within the distance range of 128°-142° (Fig. 2) , where the two phases are best observed (Song and Helmberger 1992) . We followed the strategy outlined in Dai and Song (2008) and Song and Dai (2008) to formulate the relative time shift (ddt). We used the CC method to measure relative times of the same phase between the two events of the doublet. We first interpolated the seismograms to a new sampling interval of 0.0005 s before calculation to enhance the measurement precision. The length of time window ranges from 1 to 1.5 s for PKPdf phase and from 1.5 to 2.5 s for PKPcd phase depending on the distance and separation of the two phases. The relative time shift (ddt) between PKiKP and PKIKP phases from the two events of the doublet is defined as
The subscripts 1 and 2 represent the arrival times of the earlier and later events, respectively, for the same phase. A positive ddt value implies that the PKPcd phase of the later event arrives later than the earlier one relative to the PKPdf phase. The relative time shift can be applied to any two phases, such as mantle phases below, recorded at the same station for any doublet.
Results and discussion
Verification of doublet quality with ddt of mantle phases
To verify the quality of our new doublets in the WP, we checked the similarity of as many mantle phases as possible, which included P, S, PcP, PP, ScP. The additional mantle phases (besides P) at the same station are particularly useful, as they can be used to examine relative time shifts (ddts) that are not influenced by the inner core. Thus, we checked systematically whether there were available mantle phases for these doublets at station CHTO. In the end, we used only the doublets that have two or more mantle phases with sufficient quality recorded at station CHTO. Table 2 summarizes all of our average measurements of the relative time shifts and CC coefficients for mantle phases. The time shift for one phase between two events of the doublet is relative to the origin times of the two events as listed in Table 1 . The CC values of core phases (PKPdf, PKPcd) and mantle phases (P, PcP, PP, ScP) are generally over 0.90, indicating high similarity between the two events of the every doublet that we found in the WP. Figure 3 shows typical example waveforms of mantle phases P, PcP, PP, ScP phases from three doublets: 201108_200709 (#11, Table 2)(a), 200907_200101 (#17) (b) and 201312_199701 (#20) (c). The time lapses of these doublets range from 4 to 17 years. As we can see, all of these mantle phases are very consistent over a long time window for these doublets. Note the quality of the doublets is about average or above with the CC coefficients of 0.99, 0.96, 0.97, respectively. Note also the 201310_199310 pair has a large difference in focal depths from the PDE catalog (50 and 102 km, respectively). We have checked carefully the later-arriving wave packets after P waves, which show good matches between the two events, suggesting that the focal depths must be similar.
Temporal shifts of PKPcd and PKPdf waves
Using the method described above, we obtained a total of 614 new ddt measurements from the WP doublets (Table 3 ). The relative time shifts between PKPcd and PKPdf phase show different features for doublets from the WP and the SSI. In general, the ddt values for the paths from earthquakes in WP are very small (all within ± 0.025 s) regardless of the length of year lapse between two doublet events (Fig. 4) . And the scatter of the ddt values is similar for all doublets of these paths. In contrast, the distribution of ddt values for the doublets from the SSI presents a different view. The ddt values appear more scattered and much larger (up to -0.12 s) when the year lapse is more than 6 years. (2015) 28(3):175-185 179 The difference between the paths from WP and SSI earthquakes is obvious in the waveforms (Figs. 5, 6 ). Figure 5 compares PKPdf and PKPcd waveforms for doublet 201008_199808 in WP with a large time lapse (about 12 years) and those from a SSI doublet (t2-6-9804) with a moderate time lapse (about 6 years) from Song and Dai (2008) . All the waveforms of the WP doublet are very similar. However, as discussed in Song and Dai (2008) , the waveforms of the doublet t2-6-9804 are variable, which are similar at station WHY but show big difference at stations UCH and AML. Figure 6 plots PKPdf and PKPcd waveforms of doublets with different time lapses at a few selected stations. Regardless the time lapses (greater than 6 years for three pairs), the waveform of the pairs are very similar with only small temporal shifts. dT refers to the occurrence time gap between the two doublet events. Doublet_ID is named with the occurrence year and month of the two doublet events. No._stat implies the total number of receiver stations to calculate df_cc, df_dt, cd_cc, cd_dt, which represent the averages of PKPdf's cc (df_cc), PKPdf's time shift (df_dt), PKPcd's cc (cd_cc), PKPcd's time shift (cd_dt) of each two doublet events, respectively; ddt (cd--df) refers to the average time shift between PKPcd and PKPdf phase; ddt (cd--df)_std is the standard deviation of ddt (cd--df) Fig. 4 Relative time shift (ddt) between PKPcd and PKPdf phases as a function of time lapse between the two events of the doublet. The doublets are from the WP (black dots) and from the SSI (gray dots) published in Song and Dai (2008) . The four doublets from the SSI are d -0-2000, t1-2-9799, t2-6-9804, d-10-9303 To examine the global distribution of the temporal shifts, we plotted the ddt values from our new measurements and Song and Dai (2008) at the turning points of the ray paths at the ICB (Fig. 7) . All the ddt values are small when the year lapse between two events of each doublet is less than 3 years. When year lapse is greater than 6 years, the temporal change is variable among different regions of the ICB. A few places show large temporal shifts, i.e., beneath African and Central America area regions. Furthermore, the ddt values show rapid variation within the two regions. The temporal shifts in all other sampling regions are small.
The spatial variability of the temporal shifts can also be observed from the CC coefficients (Fig. 8) . The CC values are all high when the year lapse is smaller than 3 years. The values are also high for large time lapses except some central America and Africa samples.
Conclusion and discussion
We examined a total of 21 new high-quality doublets in the WP recorded at stations within the distance range of 128°-142 o . Combined with measurements by Song and Dai (2008) for doublets occurred in the SSI using the doublet method, our basic observations can be summarized as follows. When the year lapse between two doublet events is less than 3 years, all the sampled ICB regions show little temporal change. When the year lapse is larger than 6 years, large temporal changes can be observed in the ICB regions under Africa and Central America. Meanwhile, the temporal change remains subtle for the ICB regions beneath Atlantic Ocean, Indian Ocean, and the northeast of Eurasia. Thus, the topography of the ICB appears rather localized in certain regions.
These observations can be explained by the following two possible mechanisms proposed previously . (1) Significant topography of the ICB in certain regions. Most regions may have relatively uniform structure, like the ICB regions sampled by the WP doublets. That is why the temporal change for these samples remains subtle even when the year lapse is over 6 years. On the contrary, significant ICB topography exists in some other regions, such as Africa and Central America. The rotation of the inner core shifts the topography when the year lapse is long enough, causing observable tem- 2) The ICB has a transient slurry structure . That is in some regions, the ICB topography is a mixture of molten materials and solidified patches of iron crystals. The turbulence of the outer core convection may shift the newly solidified materials at the base of the outer core, leading to the variation in temporal changes of the ICB when the year lapse is relatively large. More samples of the ICB will be critical in future research in understanding this dynamic region. 
